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COMPARISON O F  FLIGHT PRESSURE MEASUREMENTS WITH 

WIND-TUNNEL DATA AND THEORY FOR THE FORWARD FUSELAGE OF THE 

X - 1 5  AIRPLANE AT MACH NUMBERS FROM 0.8 TO 6.0 

By Jon S. Pyle 

SUMMARY 

The r e s u l t s  of f l i g h t  pressure measurements on the forward fuselage of the 
X - l 5  a i rplane a re  presented f o r  angles of a t t a c k  from 0" t o  15" and Mach numbers 
from 0.8 t o  6.0. 

Comparisons of f l i g h t  and wind-tunnel data  showed good agreement, and 
t h e o r e t i c a l  calculat ions predicted f l i g h t  pressure measurements reasonably well .  

INTRODUCTION 

The design of an aerospace vehicle which must maneuver i n  the atmosphere i s  
subject t o  the magnitude and d i s t r i b u t i o n  of aerodynamic forces .  In  addition, 
during reentry maneuvers or a t  high supersonic Mach numbers, a knowledge of 
surface pressures i s  important i n  determining heating r a t e s .  Notable advances 
i n  the knowledge of f l i g h t  surface pressures were made with the ear ly  NACA 
research a i r c r a f t ,  such as the X - 1 ,  D-558-11, and the X - 1 E  ( r e f s .  1, 2, and 3, 
respec t ive ly) .  
been extended from the subsonic, transonic,  and low supersonic environments of 
the e a r l i e r  a i r c r a f t  t o  the high supersonic region. 

In  the more recent X - 1 5  research program, t h i s  capabi l i ty  has 

This paper presents the r e s u l t s  of f l i g h t - t e s t  measurements of surface 
pressures over the forward a x i a l l y  symmetric portion of the X - 1 5  fuselage f o r  
Mach numbers extending t o  approximately 6.0 and angles of a t tack  t o  15". F l igh t  
da ta  a re  compared with the r e s u l t s  f r o m  wind-tunnel t e s t s  ( r e f s .  4 and 5) and 
from t h e o r e t i c a l  predict ions ( r e f s .  6 t o  9 ) .  Both chordwise and r a d i a l  pressure 
d i s t r i b u t i o n s  are presented for the  forebody section, including center l ine 
d i s t r i b u t i o n s  along the canopy. 

SYMBOLS 

CP 
P - Po0 

pres sure coeff ic ient ,  
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M 

P 

Po0 

X 

a 

B 

Cp 

overa l l  fuselage length, f t  

f r ee  - stream Mach number 

l o c a l  s t a t i c  pressure, lb/sq f t  absolute 

free-stream s t a t i c  pressure , lb / sq  f t  absolute 

free-stream dynamic pressure, lb / sq  f t  absolute 

dis tance from nose of fuselage p a r a l l e l  t o  fuselage center l ine,  f t  

angle of a t tack,  deg 

angle of s ides l ip  , deg 

angular locat ion of fuselage o r i f i c e s  measured counterclockwise from 
bottom center l ine of fuselage when facing forward, deg 

DESCRIPTION OF ALRPLANE 

Three aerodynamically i d e n t i c a l  X-15 research a i rp lanes  were designed and 
constructed by North American Aviation, Inc. ,  i n  a program sponsored j o i n t l y  by 
the  U.S. Air Force, the U . S .  N a v y ,  and the  National Aeronautics and Space Admin- 
i s t r a t i o n .  The a i rp lanes  a re  powered by Reaction Motors YLR99-RM-1 single- 
chamber rocket engines and are  designed t o  a t t a i n  speeds up t o  6,600 f t / s ec  or 
a l t i t u d e s  of 25O,OOO f e e t  or  grea te r .  However, t he  maximum a l t i t u d e  at ta ined,  
t o  date,  of 354,200 f e e t  i s  more than 100,000 f e e t  above design l i m i t ,  and the  
maximum speed achieved, over 6,000 f t / sec ,  i s  about equal t o  the design value 
when adjusted f o r  t he  increase i n  a i rplane weight t h a t  occurred during develop- 
ment. Photographs of the  airplane a re  presented i n  f igures  l ( a )  and l ( b ) .  A 
three-view drawing i s  presented i n  f igure  2 .  

The X - 1 5  fuselage i s  an ax ia l ly  symmetric body of revolution with a f ineness  
The maximum width r a t i o  of 10.91. The a i rp lane  i s  49.17 f e e t  long ( see f i g .  2) . 

(including side f a i r ings )  and depth a re  7.33 f e e t  and 4.67 f ee t ,  respect ively.  
The Nortronics 6.5-inch-diameter spherical  a i r f low sensor, a t  the  fuselage apex, 
i s  f a i r e d  t o  a 14.75" cone which extends t o  3 percent of the fuselage length.  
The cone, i n  turn,  i s  tangent t o  an ogive contour having a radius  of TOO inches 
which extends t o  32-percent fuselage length, where it i s  tangent t o  a 28-inch- 
rad ius  cylinder.  The cylinder extends over t he  remainder of the fuselage and has 
a short  b o a t t a i l  sect ion a t  the engine nozzle. 

IXSTFUMEN TATION 

Pressure o r i f i c e s  on a l l  three X - 1 5  a i rp lanes  a re  a t  iden t i ca l  locat ions.  
The o r i f i c e  loca t ions  a re  l i s t e d  i n  t ab le  I and shown i n  f igure  3. 
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A l l  measurements presented i n  t h i s  paper were recorded on NACA 24-cel l  
mechanical manometers mounted i n  the instrument compartment and referenced t o  
the  cabin compartment. Time h i s t o r i e s  of the pressure va r i a t ions  and parameters 
were synchronized by a common t i m e r .  Angle of a t t a c k  and angle of s i d e s l i p  were 
obtained from the  airf low-direct ion sensor a t  the  fuselage nose. Ambient pres- 
sure,  Mach number, and a l t i t u d e  used i n  def in ing  parameters f o r  pressure measure- 
ments were obtained by radar  and rawinsonde instruments ( ref .  10 ) .  

Titanium mountings, of 1/4-inch inner diameter, f l u s h  with the outer skin 
served as o r i f i ce s .  Each o r i f i c e  w a s  connected t o  the  instrument compartment by 
means of 1/4-inch-inner-diameter aluminum tubing and spec ia l  high-temperature 
rubber connectors. k n g t h s  of tubing from o r i f i c e  t o  manometer ranged from 
5 f e e t  t o  20 f e e t .  Lag i n  the  system under r e l a t i v e l y  s teady-state  conditions 
w a s  shown by ac tua l  measurement t o  be negl ig ib le .  

The estimated ove ra l l  e r r o r s  f o r  the  quan t i t i e s  measured a re  as follows: 

Mach number . . . . . . . -10.10 
Pressure coe f f i c i en t  . . . kO.02 
Angle of a t t a c k  . . . . . k0.75" 
Angle of s i d e s l i p  . . . . -10.75" 

TESTS 

All data  were obtained below an a l t i t u d e  of 1Oo;OOO f e e t  and under approxi- 
mately s teady-state  conditions.  I n  general, da ta  were chosen from time i n t e r v a l s  
i n  which the  dynamic pressure w a s  equal t o  or grea te r  than 500 lb/sq f t .  
ever, a t  lower Mach numbers where the amount of da ta  avai lable  w a s  l imi ted  
dynamic pressures less than 500 lb / sq  f t  were used occasionally.  

How- 

Because of manometer l imi ta t ions ,  only 24 ( s o l i d  symbols, f i g .  3) of the  
39 o r i f i c e s  on the  forward fuselage were used t o  obtain pressure measurements 
f o r  t h i s  paper. 
however, since the number of recording channels ava i lab le  f o r  t h i s  study var ied 
from f l i g h t  t o  f l i g h t .  

All of the  24 o r i f i c e s  were not connected on every f l i g h t ,  

RESULTS AND DISCUSSION 

Forebody Pre s sure Dis t r ibu t ions  

Surface pressure d i s t r i b u t i o n s  along the  axis of the fuselage a re  presented 
and compared with wind-tunnel r e s u l t s  ( r e f s .  4 and 5 )  i n  f i g u r e  4 fo r  the bottom, 
side,  and top  center l ines .  
wise s ta ted .  Where wind-tunnel r e s u l t s  were not ava i lab le ,  f l i g h t  da t a  w e r e  
f a i r e d  with so l id  l i n e s  t o  ind ica t e  the  shape of the  pressure d i s t r ibu t ions .  

Angle of s i d e s l i p  i s  l imi ted  t o  *lo, unless  other- 

I n  general, t he  pressure d i s t r i b u t i o n s  f o r  t h e  var ious Mach numbers fo l low,  
a pa t t e rn  t y p i c a l  of ogive bodies. A t  low Mach numbers ( f i g s .  4(a) and 4 ( b ) )  
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t he  flow around t h e  forebody expands somewhat more abrupt ly  than a t  supersonic 
speeds ( f i g s .  4 ( f )  t o  4( 2 )  ) . A t  transonic speeds ( f i g s .  4(b) and 4 ( c ) )  , pro- 
nounced pressure va r i a t ions  occur over the  canopy as a r e s u l t  of strong l o c a l  
shocks. The v e r t i c a l  f a i r i n g s  at 13-percent and 19-percent fuselage length 
represent  an immediate compression and expansion as the f low i s  def lec ted  over 
t he  faceplate  of t h e  canopy. 

I n  general ,  the  f l i g h t  da ta  agree wel l  with the wind-tunnel r e s u l t s .  
Discrepancies a re  noted, however, where the  flow passes over the  t w o  back o r i -  
f i c e s  (28-percent and 32-percent fuselage length)  on the canopy a t  t ransonic  
Mach numbers. These d i f fe rences  a re  believed t o  be caused by the bug-eye camera 
f a i r i n g s  on the  f l i g h t  research vehicle t h a t  were not included on the  wind-tunnel 
model. Also, a t  t ransonic  speeds a p i t o t  tube ( see  f i g s .  l ( a )  and l ( b ) )  ex- 
tending above the  o r i f i c e  a t  12-percent fuselage length  on the  upper center l ine  
(cp = 180") causes in te r fe rence  e f f e c t s .  

Ef fec t  of Mach Number 

The e f f e c t  of Mach number on the pressure coe f f i c i en t s  a t  three bottom 
center l ine  s t a t i o n s  i s  presented i n  f igu re  5 .  Wind-tunnel and t h e o r e t i c a l  
r e s u l t s  a re  included f o r  comparison. 

Considerable s c a t t e r  i s  evident i n  the  f l i g h t  d a t a  i n  f igu res  5 t o  7, 
pa r t i cu la r ly  a t  t ransonic  speeds where dynamic pressures  were general ly  below 
500 lb/sq f t .  
i n  the  ranges shown and, a t  t ransonic  speeds, t o  the reduced accuracy of t he  
da ta  f o r  the  lower dynamic pressures.  For c l a r i t y ,  f a i r e d  ( s o l i d )  l i n e s  have 
been drawn through the  d a t a  points .  

The s c a t t e r  i s  a t t r i bu ted  l a r g e l y  t o  va r i a t ions  i n  angle of a t t a c k  

Pa r t i cu la r ly  noteworthy i n  f igu res  5 t o  7 i s  the  sharp r i s e  i n  pressure 
coe f f i c i en t  as the a i rp lane  passes through t h e  t ransonic  range. I n  general ,  the  
f l i g h t  measurements and the  wind-tunnel r e s u l t s  agree wel l .  

For supersonic Mach numbers above 2.0 i n  f igu res  5 and 6, theor ies  a re  
presented which genera l ly  approximate the  f l i g h t  and wind-tunnel r e s u l t s  f o r  the 
angles of a t t a c k  shown. 
c lose approximations, bu t  shows no change with Mach number. 
cone theory gives appropriate var ia t ions  with Mach number, although the  predic- 
t i o n s  from the  unyawed theory a r e  generally high. 

It i s  seen t h a t  the  Newtonian theory ( r e f .  8) gives  
The unyawedl tangent- 

Resul ts  f o r  a zero angle-of-attack condition a r e  presented i n  f igu re  6. 
Since zero angle-of-attack da ta  a t  transonic speeds a r e  extremely l imi ted  f o r  t he  
X-15 airplane,  d a t a  a re  shown f o r  the s ide cen te r l ine  ( c p  = 90") of the fuselage 
a t  e s s e n t i a l l y  zero s i d e s l i p  angles.  These d a t a  a t  s m a l l  angles of a t t ack  a re ,  
thus,  representa t ive  of t he  cha rac t e r i s t i c s  of t he  bottom center l ine  ((p = 0 " )  a t  
zero angle of a t t ack .  The v a l i d i t y  of t h i s  approxination m a y  be seen i n  the  
comparison of wind-tunnel r e s u l t s  f o r  the t w o  condi t ions presented i n  f igu re  6. 

lUnyawed tangent cone r e f e r s  t o  semivertex angles of cones tangent t o  poin ts  
on the  body, p lus  angles of a t t ack  f rom cha r t s  a t  zero angle of a t t a c k  ( ref .  9) .  
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The 8-percent fuselage length o r i f i c e  w a s  used i n  figure 6 i n  place of the  
o r i f i c e  a t  12-percent fuselage length because of the grea te r  amount of da t a  
ava i lab le  from the  8-percent locat ion.  
f l i g h t  program as t h e  a l t e r n a t e  s t a t i c  source f o r  the ve loc i ty  and a l t i t u d e  
ind ica tor .  

This o r i f i c e  w a s  used throughout the 

The r e s u l t s  from l i n e a r  theory (refs. 6 and 7) and the  theo r i e s  presented 

(Subsonic l i n e a r  theory f o r  t he  $-percent fuselage loca t ion  i s  equal t o  
i n  f igu re  3 are included i n  f igu re  6 f o r  comparison with f l i g h t  and wind-tunnel 
da ta .  
a zero pressure coef f ic ien t . )  
ver tex cone angles of about lo", although the  tangent-cone angles of t he  X-15 
fuselage vary between 15" and 5 " .  
and wind-tunnel r e s u l t s  i s  good and t h e o r e t i c a l  predict ions a r e  f a i r .  

A l l  t heo r i e s  except Newtonian a re  l imi ted  t o  s e m i -  

I n  general ,  the  agreement between the  f l i g h t  

Ef fec t  of Canopy 

Protuberances on high-speed bodies of ten  give r ise  t o  unpredictable f l o w  
e f f e c t s .  Pressure d i s t r ibu t ions  f o r  the  center l ine  of the X-15 canopy a r e  pre- 
sented i n  f igure  7 f o r  two angle-of-attack ranges over the Mach number range 
invest igated.  
o r i f i c e s .  The presence of a strong l o c a l  shock a t  the  top  of the canopy i s  shown 
by the abrupt changes i n  pressure between the second and t h i r d  o r i f i c e s .  This 
shock passes over the t h i r d  o r i f i c e  (28-percent fuselage length)  a t  a Mach number 
of about 1.9 f o r  an angle of a t t a c k  of about 5 " ,  and a Mach number of 1.5 fo r  an 
angle of a t t ack  of about 10". 

Sharp transonic f l o w  e x p n s i o n s  a re  noted a t  the  two forward 

The wind-tunnel and f l i g h t - t e s t  r e s u l t s  a r e  general ly  i n  accord except i n  
the  transonic range at the two r e a r  canopy o r i f i c e s .  These differences may be 
due to an interference e f f e c t  from the  f l igh t -vehic le  bug-eye camera f a i r i n g s  
on each s ide of the o r i f i c e s .  

The wind-tunnel r e s u l t s  a t  t ransonic  speeds are omitted f o r  t he  19-percent 
loca t ion .  The o r i f i c e  loca t ion  on the wind-tunnel model w a s  not the same as on 
the f l i g h t  vehicle;  hence, an accurate comparison could not be made where rapid 
t ransonic  pressure changes occur. A t  supersonic speeds, however, t he  pressures 
a r e  seen t o  be much l e s s  sens i t ive  t o  Mach number changes; thus,  wind-tunnel da t a  
could be r ead i ly  in te rpola ted .  

Figure 8 shows the canopy pressure d i s t r i b u t i o n s  i n  the  t ransonic  range as 
determined f rom crossp lo ts  of f a i r e d  pressure coe f f i c i en t s  i n  f igu re  7. Rather 
abrupt changes i n  the  pressure d i s t r i b u t i o n s  occur as the  l o c a l  canopy shock 
passes over t he  second o r i f i c e  a t  the  22.5-percent fuselage length.  These 
e f f e c t s  begin t o  appear between Mach numbers of 0.6 and 0.7 a t  an angle of 
a t t a c k  of 5 O  ( f i g .  8 (a ) )  and between Mach numbers of 0.8 and 0.9 a t  an angle 
of a t t a c k  of 10" ( f i g .  8 ( b ) ) .  
v i c i n i t y  of the  o r i f i c e  a t  the  28-percent loca t ion .  

Corresponding va r i a t ions  a re  a l s o  evident i n  t h e  
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Radial Pressure Distr ibut ions 

The f l i g h t  and wind-tunnel r e su l t s  f o r  the  r a d i a l  pressure d i s t r ibu t ions  
are shown i n  f igure  9 f o r  Mach numbers from 0.6 t o  5.5 and angles of a t tack  
from 0" t o  15". Because of the  difference i n  o r i f i c e  locat ions between the  model 
and the  t e s t  airplane,  interpolated wind-tunnel r e s u l t s  are presented f o r  com- 
parison a t  the  Mach numbers f o r  which wind-tunnel r e s u l t s  w e r e  avai lable .  I n  
general, t he  comparison shows good agreement. 

As  expected, pressure coef f ic ien ts  a t  angles of a t t ack  above 0" general ly  
decrease with increasing r a d i a l  angle with the  exception of the  o r i f i c e  a t  
cp = 180" which shows interference e f f e c t s  caused by the  p i t o t  tube. As  angle of 
a t t a c k  i s  increased, the  pressure coef f ic ien t  increases  on the lower surface and 
decreases on the  upper surface.  

The r e s u l t s  of Newtonian theory ( r e f .  8) are compared with f l i g h t  and wind- 
tunnel da ta  a t  four  angles of a t tack  i n  f igure  10. F l igh t  da ta  are shown f o r  
Mach numbers of 4.7, 5.0,  and 5.5 and wind-tunnel da t a  fo r  a Mach number of 4.7. 
Although the Newtonian theory i s  based on high angles of a t tack  and high Mach 
numbers, it gives reasonable predict ions f o r  low angles of a t tack  and f o r  the  
Mach numbers shown. 

The e f f e c t s  of s i d e s l i p  on the r a d i a l  pressure d i s t r ibu t ions  are presented 
i n  figure 11 f o r  a l imited number of conditions f o r  which r e l i ab le  da ta  are 
avai lable .  A s  expected, the  e f f e c t s  of s ides l ip  are most pronounced near the  
o r i f i ce s  a t  the 90" r a d i a l  posi t ions.  The f l i g h t  and wind-tunnel r e s u l t s  f o r  
zero s ides l ip  are i n  good agreement. 

CONCLUSIONS 

Results obtained from f l i g h t  surface pressure measurements over the forward 
fuselage of t he  X - l 5  a i rplane a t  Mach numbers from 0.8 t o  6.0 and angles of 
a t tack  from 0" t o  15" indicate  t h a t :  

1. Fl ight  and wind-tunnel da ta  agree well .  

2 .  Reasonably accurate approximations of f l i g h t  values can be made with 
simple l inear ,  tangent-cone, and Newtonian theories .  

F l igh t  Research Center, 
National Aeronautics and Space Administration, 

Edwards, C a l i f . ,  November 6 , 1963. 
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TABm I 

SURFACE PRESSURE-ORIFICE LOCATIONS ON THE FUSELAGE OF THE X-15 AIRPLANE' 

Orif ice  
number 

03002 

03003 
03004 

0 3 005 
04001 
04002 
05002 

05003 
05004 

05005 
05006 

05007 
05008 

05009 
05010 

05011 

05 012 

05013 

05014 

05015 

Fuselage 
s t a t ion ,  

i n .  

0 

90 
180 

270 
0 

180 
0 

22.5 

45 
67.5 

90 
112.5 

135 
157.5 

180 

270 

0 

90 

180 

2 70 

' 

I 

1: 

X I 1  

4.2 

1 
8.5 

1 
12.0 

Percent 
fuselage 
length, 

~ 

1 
19 3 

lThe loca t ion  of each o r i f i c e  i s  i l l u s t r a t e d  
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(a)  Top view of fuselage forebody. 

Figure 1.- X-15 a i rp lane .  
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(b) Side view of fuselage forebody. 

Figure 1.- Concluded. 
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Figure 2.- Three-view drawing of X - 1 5  airplane. Dimensions in feet. 
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Figure 3.- Surface pressure-orifice locations on the X - 1 5  fuselage. Solid c i r c l e s  indicate o r i f i c e s  
used i n  t h i s  investigation. Stations a r e  shown i n  percent f i se lage  length. 
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